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The Haemodynamics of Asymmetric Stenoses
S. R. Dodds
Department of Vascular Surgery, Good Hope Hospital NHS Trust, Rectory Road, Sutton Coldfield,
West Midlands, B75 7RR, U.K.
Objective: Occlusive arterial disease is usually irregular with both symmetric (concentric) and asymmetric (eccentric)
stenoses. Knowledge of the effect of stenosis geometry on stenosis haemodynamics is necessary to correctly interpret tests
that measure stenosis severity anatomically. The independent haemodynamic effect of stenosis asymmetry has not been
described.
Design: In vitro flow-rig measurement of the steady pressure/flow behaviour of rigid, 20 mm long, square-ended symmetric
and asymmetric stenoses in a 6.7-mm diameter tube using a blood analogue (40% glycerol).
Results: All stenoses, irrespective of geometry, had a linear resistance (R) to flow (Q) relationship such that R k1 k2Q
where k1 and k2 are constants (corr4 0.99, p5 0.05). Asymmetry was found to have a significant haemodynamic effect if
the stenosis severity is expressed as a diameter reduction but no effect if stenosis severity is expressed as an area reduction.
The maximum flow for an inflow pressure of 90 mmHg (Q90 ) fell from 2050 to 280 ml/min as stenosis area reduction
increased from 80% to 96%.
Conclusions: Arterial stenoses exhibit flow-dependent resistance irrespective of their geometry. The effect of stenosis
asymmetry can only be ignored if anatomical severity is expressed as a percentage area reduction. A clinically useful
measure of stenosis severity is the maximum flow for a given inflow pressure.
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Since the observations that narrowing an artery makes
no measurable difference to the resting flow1 or down-
stream pressure2 until a critical degree of occlusion is
reached, it has been conventional to grade the severity
of arterial disease anatomically, either as a diameter or
an area reduction. Accurate assessment of the func-
tional effect of occlusive arterial disease is crucial for
diagnosis and planning treatment particularly when
disease is present at several sites.3 In the development
and evaluation of new diagnostic and therapeutic
techniques, it is recommended that a reliable bench-
mark for the objective measurement of arterial disease
severity is used4 and an anatomical method of occlu-
sive disease assessment is convenient, as it can be
applied to Doppler ultrasound, angiography, and
magnetic resonance imaging. However, occlusive
arterial disease is often irregular and multi-focal and
if the angiographic appearance of diseased vessels is
used as a measure of the functional impairment, poorPlease address all correspondence to: Good Hope Hospital
NHS Trust, Rectory Road, Sutton Coldfield, West Midlands,
B75 7RR, U.K.
1078±5884/02/040332 06 $35.00/0 # 2002 Elsevier Science Ltd. Alinter-observer agreement is found.4 Stenosis severity
is usually described as a percentage reduction relative
to the non-occluded vessel, but it is not always clear
whether this refers to a diameter or an area reduction.
The difference is important as stenosis asymmetry
affects the relationship between diameter and area
reduction (Figs 1, 2).
A combination of pressure and flow measurements
is the most accurate method for assessing the func-
tional effect of occlusive arterial disease5 but requires
an understanding of the pressure±flow relationship of
a partially occluded tube in order to interpret the
results and correlate them with the results of imaging
studies. May et al. predicted that the steady pressure
drop (DP) vs volume flow rate (Q) relationship of a
single, square-ended, concentric stenosis should be of
the form:
DP  k1Q k2Q2, 1
where k1 and k2 are constants related to the stenosis
severity (Appendix 1) and used this equation to
explain their in vivo experimental results but did not
validate it in vitro.6 This non linear pressure±flow
relationship has subsequently been independently
confirmed in vitro for short, smooth, axisymmetricl rights reserved.
Haemodynamics of Asymmetric Stenoses 333and for short, smooth, asymmetric stenoses where the
relationship between the geometric severity and the
constants k1 and k2 was found to vary with the par-
ticular stenosis shape.7 Dodds et al. noted that May's
equation predicted that stenosis resistance (R) should
depend on flow such that
R  DP
Q
 k1  k2Q, 2Concentric
d
Offset Circular
d
Eccentric
d
Fig. 1. Schematic diagram of the cross-sections of the three types of
idealised machined, rigid, stenoses used in the in vitro experiments:
concentric circular lumen on central axis; offset circular circular
lumen offset from central axis; eccentricnon-circular lumen offset
from central axis. The diameter of the lumen (d) is taken as the
maximum diameter and the area of the lumen is calculated from
the formulae given in Appendix 2.
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Fig. 2. Relationship between percentage diameter and percentage
area reduction for the circular and the non-circular stenoses shown
in Fig. 1 using the formulae given in Appendix 2.and confirmed this prediction experimentally for con-
centric, square-ended stenoses.8
The aims of this experimental study are twofold:
firstly to confirm that the linear resistance±flow rela-
tionship is also valid for a range of square-ended,
rigid eccentric stenoses of different geometries, and
secondly see if stenosis asymmetry has an inde-
pendent effect on the haemodynamic effect.
Materials and Methods
The pressure±flow characteristics of a range of
accurately machined stenoses was measured in vitro
using the arrangement shown in Fig. 3 which consists
of one metre lengths of 6.7-mm internal diameter
silastic tubing attached to a custom-built computer-
controlled pump capable of supplying a steady
flow (0±2000 ml/min) of a blood analogue (40%
w/v glycerol, density r 1060 kg/m3, viscosity
m 0.0035 Ns/m2). Each machined aluminium plug
was fitted into a specially constructed connector
and the intraluminal pressure was measured 2 cm
upstream and 20 cm downstream of the connector
using strain gauge physiological pressure transducers
via 18 gauge blunt-ended needles. The pressure trans-
ducer outputs were amplified and sampled at 100 Hz
with an analogue/digital converter and the data
numerically averaged to reduce noise and random
fluctuations. The transducers were calibrated using
a mercury manometer and their accuracy found to
be in the order of  1 mmHg over the pressure range
of 0±100 mmHg. The computer controlled pump was
calibrated by timed collection and found to generate
flows with an accuracy better than  10 ml/min over100 cm 20 cm
Computer
Controlled
Pump
Pressure
Transducers
Stenosis
Computer
2 cm
Fig. 3. Schematic diagram of the in vitro experimental arrangement
for measuring the steady pressure±flow characteristics of experi-
mental stenoses.
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334 S. R. Doddsa range of 0±2000 ml/min. Stenoses were fabricated
from 20-mm long, 6.7-mm diameter, square-ended
aluminium plugs over a range of diameter reductions
between 50% and 95%. Three configurations were
compared (Fig. 1) and for the circular-offset stenoses
two sets of stenoses were made with offsets of 0.8 mm
and 1.6 mm respectively. The area reductions for the
three configurations were calculated from the mea-
sured dimensions using standard formulae (Appen-
dix 2). For each experiment, the pressure transducers
were zeroed and the pump programmed to generate a
sequence of flows over a range that generated a pres-
sure gradient across each stenosis in the range of
1±100 mmHg up to a maximum flow of 2000 ml/min.
For each flow the mean pressure gradient was
recorded and the hydraulic resistance calculated. The
parameters k1 and k2 for each stenosis were calculated
from the experimental data using Eq. 2 by linear
regression analysis. The threshold for a statistically
significant value was assumed as 0.05 and the good-
ness of fit between the experimental data and the
mathematical model expressed as the Pearson correl-
ation coefficient. The overall haemodynamic effect of
each stenosis was represented by the predicted flow
for a fixed inflow pressure of 90 mmHg (Q90) using the
measured values of k1 and k2 and the standard quad-
ratic formula.
All pressures are given in mmHg (1 mmHg
133 N/m2), flows in ml/min (1 ml/min 1.67
10ÿ8 m3/s) and resistances in peripheral resistanceTable 1. Summary of experimental results. In all cas
regression analysis and are significantly different from
% Diameter
reduction
% Area
reduction
k1 mPRU k2 mP
Concentric (circular, no offset)
79 96 112.8 720
73 93 48.8 238
67 89 29.3 75
61 85 11.6 40
55 80 2.6 20
Circular offset (0.8 mm offset)
73 93 37.9 227
67 89 29.7 77
61 85 17.0 26
55 80 5.1 19
Circular offset (1.6 mm offset)
73 93 48.9 213
67 89 27.3 82
61 85 15.3 29
55 80 7.2 15
Eccentric
91 96 234.8 597
88 93 101.8 243
85 91 46.1 113
79 85 15.3 41
76 82 11.1 23
Eur J Vasc Endovasc Surg Vol 24, October 2002units (PRU) where 1 PRU 1 mmHg/ml/min
( 8.0 109 Ns/m5) and 1 PRU 10ÿ3 mPRU
10ÿ6 mPRU. The inlet tube was 1-metre long and the
maximum mean flow limited to less than 2000 ml/min
(i.e. below the critical Reynolds number of 2000) to
ensure fully developed laminar flow at the stenosis
entrance. Pressure and flow measurements were
found to be reproducible to within a few per cent so
points on the graphs represent the result of single
experiments.
Results
Table I summarises the complete set of experimental
results for these idealised 20-mm long stenoses. For all
stenoses the steady flow resistance was found to vary
linearly with flow (corr4 0.99 in all experiments) con-
firming that the linear resistance±flow relationship
given in Eq. 2 is valid for the concentric, offset circular
and eccentric stenoses. The parameters k1 and k2 were
found to be significant (p5 0.05) for all stenoses indi-
cating that both parameters are required for a com-
plete representation of the haemodynamic effect. The
relative contribution to the total resistance of the k1
and the k2 terms can be calculated from Table I using
the equation
k1
k2Q
3es the values of k1 and k2 are calculated using linear
zero (p5 0.05).
RU/ml/min Pearson
correlation
Flow at
90 mmHg ml/min
40.99 284
40.99 521
40.99 916
40.99 1357
40.99 2052
40.99 552
40.99 905
40.99 1552
40.99 2036
40.99 545
40.99 893
40.99 1524
40.99 2228
40.99 239
40.99 434
40.99 711
40.99 1304
40.99 1738
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Fig. 4. Relationship between stenosis functional severity (Q90 flow
in ml/min for a pressure gradient of 90 mmHg) and anatomical
severity measured by both diameter and area reduction for concen-
tric and non-circular, eccentric stenoses (mean 95% confidence
interval).
Haemodynamics of Asymmetric Stenoses 335and for all stenoses the effects of both terms are
significant for flows over a reasonable physiological
range (300±2000 ml/min), indicating that both terms
are required for an accurate measurement of func-
tional effect.
Table I shows that both parameters k1 and k2
increase non-linearly with anatomical severity
expressed as either diameter or area reduction. There
was no significant difference between the functional
severity of the concentric and circular-offset stenosis
configurations (p5 0.05). Figure 4 shows that the
haemodynamic severity of the stenoses as measured
by the Q90 changes rapidly for stenoses over 80% area
reduction and that the relationship between haemo-
dynamic and anatomical severity differed between the
circular and non-circular stenoses depending on the
method of expressing the anatomical stenosis severity.
When measured as a diameter reduction a concentric
stenosis is functionally more severe than an eccentric
stenosis (p5 0.05), but when measured as an area
reduction there is no significant difference (p4 0.05).
Discussion
In vivo the morphology of arterial disease is irregular
with both concentric and eccentric lesions and a clear
understanding of the relationship between stenosis
geometry and haemodynamic effect is needed to
judge the functional severity of a stenosis from infor-
mation about its anatomical severity. Surprisingly,
there is virtually no guidance in standard radiological
and surgical texts or in the literature on how tointerpret the effect of stenosis geometry and in par-
ticular the effect of stenosis eccentricity. The primary
objective of this study therefore was to evaluate the
effect of geometric asymmetry on the hydraulic resis-
tance of modelled arterial stenoses. Figure 2 shows the
relationship between diameter and area reduction for
the idealised circular and non-circular stenoses used
in these experiments and illustrates clearly that the
two measures are not equivalent, particularly over
the important 50±100% diameter reduction range.
The impairment to flow that a stenosis presents can
be expressed as the stenosis resistance
R  DP
Q
 k1  k2Q, 2
which states that a stenosis can be considered to
be the sum of a fixed resistance (k1) in series with
a flow-dependent resistance that increases linearly
with the flow (k2Q). The haemodynamic effect of
arterial stenoses is caused by disturbance of the
normal laminar blood flow and the creation of regions
of disordered and even turbulent flow, particularly
downstream of the stenosis. The exact nature of this
flow disturbance is dependent on the geometry and
the two constants k1 and k2 represent the partition
between laminar flow (pressure drop is related to
blood viscosity) and disordered flow (where the
pressure drop is related to the blood density). May's
equation relates specifically to square-ended con-
centric stenoses, but our results show that the general
form of May's equation (Eq. 1) is also valid for any
stenosis geometry. At the flow rates and vessel dimen-
sions used in these experiments, the effect of the non-
Newtonian characteristics of blood is minimal because
the estimated rates of shear are high and the use of
a glycerol solution of equivalent density and viscosity
to blood is therefore assumed not to introduce signifi-
cant errors.
Measurements using steady flows are justified in
characterising the functional severity of rigid stenoses
as previous in vivo studies have shown that such
steady-flow approximations can be applied to
unsteady pressures and flows6,9 but further work is
needed to confirm this for unsteady flow through
eccentric stenoses in compliant vessels. This study
did not attempt to address the important issue of the
mechanical properties of the stenosis itself, in parti-
cular the conditions that lead to plaque rupture, nor
the effect of angioplasty on plaque geometry and
structure but the results of this study do show that
the haemodynamic effect of a critical stenosis can be
effectively eliminated by relatively small changes in
the area of the residual lumen. In vivo the cardio-
vascular reflexes are designed to maintain a constantEur J Vasc Endovasc Surg Vol 24, October 2002
336 S. R. Doddsmean arterial pressure and occlusive arterial disease
causes symptoms by restricting the maximum blood
flow, particularly when demand increases such as
during exercise. Therefore, a more appropriate way
to represent the functional severity of a stenosis is to
solve Eq. 1 using the standard quadratic formula to
give the maximum flow that a stenosis will permit for
a given mean inflow pressure. Using this method, the
functional effect of stenosis asymmetry becomes clear
(Fig. 4). The flow disturbance created by an asym-
metric stenosis will be different from that created by
a concentric stenosis, and it is very useful to find that
the haemodynamic effect is the same provided that
anatomical severity is expressed as an area reduction.
This means that indirect measures of area reduction
such as duplex ultrasound velocity ratios may in fact
be a more accurate estimate of functional effect than
the usual `` gold standard'' diameter reduction mea-
sured from an angiogram. The advantage of using a
functional stenosis measurement is that it can be used
to make predictions of pressures and flows under
hypothetical conditions, such as during exercise and
after surgical procedures. The 6.7-mm diameter tube
used in these experiments is approximately the dia-
meter of the human common femoral artery and,
assuming that the mean femoral artery pressure is
around 90 mmHg, Fig. 4 should give estimates of
maximum flow that agree closely with in vivo data.
Lewis et al. measured the resting mean femoral blood
flow in normal subjects and claudicants at 400 ml/min
and showed that in normal subjects the femoral flow
can increase to more than five times the resting flow
during a reactive hyperaemia.10 Figure 4 shows that a
single stenosis of around 80% area reduction would
limit the maximum flow to about five times the resting
flow and is therefore consistent with the well-known
observation that a single femoral artery stenosis must
reach this severity before symptoms of claudication
are produced. The mean pressure gradient across an
80% area stenosis at a flow of 400 ml/min is predicted
from Table 1 to be around 5 mmHg, a figure that
agrees well with Archie et al., who measured resting
mean iliac pressure gradients in vivo.11
These data indicate clearly that non-circularity of
the stenosis lumen is an important factor in determin-
ing its functional effect, and it is interesting to note
that Brice et al. observed a comparable effect in simu-
lated carotid artery stenoses but did not attempt to
quantify the pressure±flow relationship.12 The rela-
tionship between the anatomical severity and func-
tional effect shown in Fig. 4 implies that accurate
angiographic measurements of both diameter
reduction and degree of non-circularity would be
required to predict the haemodynamic significanceEur J Vasc Endovasc Surg Vol 24, October 2002of a single stenosis between 80% and 95% area reduc-
tion. The use of single plane angiography as a method
for validating other techniques such as duplex ultra-
sound is therefore put in question. A good approxi-
mation for the pressure drop across a sudden
expansion in a tube is given by the modified Bernoulli
equation that expressed in terms of volume flow is:
DP&
1
2
r
A2s
Q2 4
where As is the area of the stenosis lumen and r is the
density of the fluid.7 This equation is commonly used
to estimate the pressure gradient across a stenotic
heart valve using an ultrasound measurement of the
jet velocity.13 However, when applied to diseased iliac
arteries, Kohler et al. found this method gave very
variable pressure gradient estimates and concluded
that it was not useful.14 The widely quoted Poiseuille
and Bernoulli steady pressure±flow approximations
are therefore special cases (k2 0 and k1 0 respec-
tively) that represent the extremes of flow behaviour.
Our results confirm that, in general, laminar and dis-
ordered flow co-exist in partially occluded peripheral
vessels and neither of these simplifications is accurate
enough for clinical use.
Conclusions
All stenoses, irrespective of their geometry, demon-
strate a linear relationship between hydraulic resist-
ance and flow that is expressed as two parameters:
a fixed resistance k1 that represents laminar flow
losses and a flow-dependent resistance coefficient k2
that represents disordered or turbulent flow. The
functional effect of a stenosis can be conveniently
expressed as a maximum possible flow for a given
mean inflow pressure. Rigid non-circular stenoses cre-
ate the same hydraulic resistance to flow as a circular
stenosis of the same area reduction but this equiva-
lence is lost if stenosis severity is expressed as a diam-
eter reduction. This relationship between stenosis
geometry and the haemodynamic effect means that
an estimate of functional impairment based on a
diameter reduction measured from an angiogram is
likely to be inaccurate, especially for stenoses over
60% diameter reduction.
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Appendix 1
The pressure±flow equation suggested by May et al.
for a concentric, square-ended stenosis was
DP  8mL
r2a
na
Aa
As
 2
 4:8m
ra
na
Aa
As
 1:5
 rn2a
Aa
As
 2
A1:1
where ra is the radius of the unstenosed lumen, Aa is
the area of the unstenosed artery, va is the velocity of
the blood in the prestenotic artery, As is the area of the
residual lumen of the stenosis and L is the length
of the stenosis, and where m and r are the viscosity
and density of the fluid respectively.15 Using the
relationships
Q  naAa,
and
As  pr2s ,Eq. A1.1 can be re-written as
DP  pm8L 4:8rs
A2s
Q r
A2s
Q2, A1:2
where rs is the radius of the circular lumen and
Eq. A1.2 can be written in a general form as
DP  k1Q k2Q2, A1:3
where k1 and k2 are constants related only to the
geometry of the stenosis and the viscosity and density
of the fluid.
Appendix 2
The percentage diameter reduction for a circular sten-
osis is 1ÿ d/D where d is the diameter of the lumen
and D is the diameter of the unoccluded tube and the
corresponding percentage area reduction is given by
1ÿ (d/D)2.
With reference to Fig. A2.1, the percentage diam-
eter reduction for the eccentric stenosis shown in Fig.
1 is 1ÿ d/2r where r is the radius of the unoccluded
tube and d is the maximum diameter of the stenosis.
The area of the segment S can easily be shown to be
S  r2yÿ rrÿ dsiny, A2:1
where
cosy  rÿ d=r A2:2so the percentage area reduction of the eccentric sten-
osis is the ratio of the area of the occluded segment of
lumen to the area of the unoccluded tube or 1ÿ S/pr2.Eur J Vasc Endovasc Surg Vol 24, October 2002
